Higgs pair production at the LHC from gluon fusion is small in the Standard Model, but can be enhanced in models where a resonant enhancement is allowed. We examine the effect of a resonant contribution from a second scalar arising in a model with a gauge singlet scalar field in addition to the usual SU (2) scalar doublet, with mass up to M H ∼ 600 GeV and discuss the interference effects in double Higgs production. The interference effects distort the double Higgs invariant mass distributions, and, depending on M H , can enhance the total cross section by up to ∼ 20% or decrease by ∼ 30% for viable mixing parameters. We compute the NLO QCD corrections in the large m t limit. The corrections are large and can also significantly distort kinematic distributions near the resonance peak.
I. INTRODUCTION
The experimental exploration of the Higgs sector of the Standard Model (SM) is one of the main goals of the current LHC run. Current data on Higgs properties are in reasonable agreement with the theoretical expectations, although there is still considerable room for new physics. An attractive extension of the SM is the Higgs portal scenario, in which the SM Higgs boson couples to a gauge singlet scalar, S, which in turn can communicate with a hidden sector. Models with an additional scalar singlet have also been used to generate a strong first order electroweak phase transition [1] [2] [3] [4] [5] [6] .
In the Higgs singlet model, the SM Higgs doublet mixes with the new singlet, S, to form two physical scalar bosons: one, h, identified with the observed m h = 125 GeV resonance and a second, H, with mass M H . When M H 2m h , large resonant enhancements are possible in double Higgs production from gluon fusion, significantly enhancing the rate compared to the SM prediction. The singlet model has the advantage of depending on relatively few parameters, allowing for straightforward experimental study at the LHC in the analysis of Higgs couplings [7] , searches for heavy SM-like Higgs bosons [8] [9] [10] and direct searches for resonant di-Higgs production [11] [12] [13] [14] . Higgs singlet models have also been extensively studied theoretically and additional limits derived from precision electroweak data, the interpretation of LHC results, and restrictions from the requirements of perturbative unitarity and perturbativity of the couplings [3, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Double Higgs production from gluon fusion in the SM results from both triangle and box loop contributions, which interfere destructively, causing a suppression of the total rate from the naive estimate [31, 32] . This process has been studied at lowest order QCD (LO) in the singlet model, and regions of parameter space with enhanced rates determined. In this work, we consider precision predictions at NLO QCD for double Higgs production in the singlet model, including the hh invariant mass distribution. Since double Higgs production from gluon fusion first occurs at one-loop, the full NLO corrections involve two-loop virtual diagrams with massive internal particles. The calculation is considerably simplified by using an effective theory corresponding to the m t → ∞ limit of the SM. In the SM, the corrections to the total rate have been known at NLO for some time in the effective theory [33] , which has also been matched onto the NNLL threshold resummed result [34] . Recently the rate has been calculated at NNLO [35, 36] and matched to the NNLL result [37] . These corrections typically increase the rate by a factor of about 2 − 2.3. The SM NLO QCD corrections to gg → hh are also known in an effective field theory limit where the exact mass dependence is retained everywhere except in the virtual corrections [38] and alternatively in an expansion in 1 m 2n t [39, 40] . The unknown m t dependence of the higher order QCD corrections induces an uncertainty of O(±10%) in the SM predictions.
Higher order QCD corrections to new physics scenarios with resonant enhancements of the double Higgs rates have been derived for the MSSM [33, 41] and the two Higgs doublet model [42] , and also in an effective operator formalism with no resonance [43] . These corrections not only affect the total rate, but in some regions of parameter space distort the shape of the distributions. In this paper, we examine the approximations behind the QCD corrections in the context of the Higgs singlet model. We demonstrate that the corrections in the resonance region are significant and that the use of a constant K factor is a poor approximation in this regime. We also investigate the interference effects between the heavy scalar and SM-like contributions. These effects can be significant and should be included in searches for new heavy scalars.
II. MODEL

A. Recap
We consider a simple extension of the SM containing the SM Higgs doublet, Φ, and an additional real gauge singlet scalar, S. After imposing a Z 2 symmetry under which S → −S, the most general scalar potential is [15, 17] 
Although not necessary for a strong first order electroweak phase transition, models without a Z 2 symmetry have been constructed in the context of electroweak baryogenesis [1] [2] [3] [4] [5] [6] . However, the additional complication is not necessary for our discussion of higher order corrections. After spontaneous symmetry breaking, in the unitary gauge we have Φ
The mass eigenstate fields, h and H, are: as it is scaled to high energy gives an upper limit on tan β which depends on M H and θ: for sin θ = 0.1 and M H = 200(500) GeV , tan β < 1.5(0.5) [16, 20] . With these considerations in mind, we will in general present results with cos θ = 0.96, tan β = 0.5.
III. DOUBLE HIGGS PRODUCTION
A. LO Results
Two Higgs production arises from the Feynman diagrams shown in Fig. 2 . The result is sensitive to new colored objects with mass m (fermions or scalars) in the loops [46] [47] [48] [49] [50] [51] and also to the 3− Higgs self-couplings. The amplitude for g
written as,
where P 1 and P 2 are the orthogonal projections onto the spin-0 and spin-2 states respectively,
s, t, and u are the partonic Mandelstam variables,
The functions F 1 and F 2 are known analytically [31, 32] and the partonic cross section is given in terms of the form factors by,
where µ R is the renormalization scale. (We have included the factor of 1 2 for identical particles in the final state). In the singlet model (as in the SM), the dominant contribution comes from top quark loops. The form factors can be written as,
In the limit m t → ∞,
The form factors F △ , F , and G including the full kinematic dependences are found in
Refs. [31, 32] 1 . We denote the cross section found by including the exact m t dependence of the matrix elements, Eq. 20, byσ mt LO , and the m t → ∞ limit, Eq. 21, asσ mt→∞ LO .
The LO hadronic cross section is,
and the luminosity function is defined,
S is the square of the hadronic energy,
, and µ F is the factorization scale.
B. NLO Corrections
The NLO corrections in the SM are known in the large m t limit [33] and are trivially generalized to the singlet model. The gg initial state contains IR singularities which cancel 1 The functions defined in Eq. 20 satisfy
when the real and virtual contributions are combined. The remaining collinear divergences in the gg, qg andinitial states are absorbed into the NLO PDFs defined in the MS scheme with 5 light flavors. The terms listed below are the finite contributions obtained after canceling the singularities. We write the NLO rate as,
where,
We follow the philosophy of Ref. [33] and approximate the form factors in the virtual corrections by the exact m t dependent quantities and include the full mass dependence in σ mt LO in Eq. 25. The coefficient, C mt , for the virtual corrections is
P gg (z) and P gq (z) are the DGLAP splitting functions,
where n lf = 5. The result in Eq. 25 has only approximate finite m t dependence since it has been adapted from the NLO calculation in the m t → ∞ limit [33] .
We define an m t dependent differential K factor from Eqs. 22 and 25,
where M hh is the invariant mass of the final state double Higgs system. In the following section, we will also show the numerical effects on the K factor of replacing the form factors and LO cross section by their m t → ∞ limits,
and
IV. RESULTS
Our results are computed using CT12NLO PDFs [52] with a central scale choice Finally, the production cross section is computed including only the top quark loops, which are the largest contribution. Our numerical results in the SM are checked using the program HPAIR [33] . The singlet model results from our private code were checked by incorporating the resonance from the singlet model in HPAIR and comparing the two results.
A. SM Results
The LO rate for gg → hh in the SM is well known, as are the NLO and NNLO rates in the m t → ∞ limit. Ref. [37] finds the NNLO matched to NNLL rate of 36.8 f b for pp → hh at √ S = 13 T eV , µ = M hh , using MSTW2008 PDFs. The contributions to the differential We show the renormalization/factorization scale variation of the SM LO and NLO rates in Fig. 5 when M hh /2 < µ < 2M hh . In this figure, the LO rate includes all top mass dependence and the NLO rates are calculated using Eq. 25. The fractional scale dependence is significantly reduced at NLO. The scale variation of the differential SM K mt factor defined in Eq. 29 is shown in Fig. 6 . At M hh = 400 GeV , the NLO scale uncertainty is ∼ 11%, while at M hh = 800 GeV it is ∼ 15%. In the SM, the differential K factor is only slightly dependent on M hh and can be accurately approximated by a constant. In picking a parameter point, we have a choice as to whether to choose a positive or negative sign for sin θ. The comparison of these two choices is shown in Fig. 8 , with the LHS showing the differential cross sections and the RHS the ratio of total cross sections.
As shown in the LHS of Fig. 8 , the choice of sign makes little difference in the shape of the distributions. In particular, the interference effects remain essentially unchanged. This can be understood by analyzing the triple couplings λ 111 (Eq. 10) and λ 211 (Eq. 11), and same. This can be understood, and is shown later, by noting that the H resonance makes a subleading contribution for M H < 2m h GeV and the SM like contributions only depend on the sign of sin θ in a highly suppressed sin 3 θ term in λ 111 . Throughout the rest of the paper we will choose a positive sign for sin θ.
In Fig. 9 , we show the ratio of the singlet model rate normalized to the SM rate. It is clear that near the resonances large enhancements in the rates are possible and the singlet model should be clearly distinguishable from the SM.
C. Interference effects
The presence of the second scalar leads to interesting interference effects with the SM-like contributions. The real parts of the propagators in F The curves labelled "no H-resonance" have the H resonance contribution removed; that is, only the SM-like contributions are included. As described above, by comparing the curves labelled "no H-resonance" with the total distribution, we see that there is constructive in- terference between the H and SM-like diagrams for M hh < M H and destructive interference for M hh > M H . It is apparent that the m t → ∞ limit fails to reproduce the correct interference structure near and slightly above the peak and overshoots the rate at high M hh . The location of the interference dip just above the resonance is slightly shifted to larger M hh in the m t → ∞ limit. This motivates weighting the NLO rate (which is only known in the m t → ∞ limit), by the exact LO rate.
We show the ratio of the interference between the H resonance and SM-like diagrams and the full invariant mass distribution in Fig. 12 . Exact m t dependence has been kept. The interference contribution is
where σ H contains only the contribution from the H-resonance, and σ h+Box contains the h-resonance and box contributions and their interference. An interesting feature of Fig. 12 is that for M hh ≪ M H , the interference contribution is independent of M H for fixed θ and tan β. This somewhat surprising effect can be understood by taking F 1 (Eq. 20) in the limit
As can be clearly seen, in this limit, the double Higgs rate does not explicitly depend on the heavy scalar mass.
The ratio of the interference between the H-resonance and SM-like contributions defined in Eq. 33 and the total cross section are shown in the LHS of Fig. 13 . We also show the ratio of the H-resonance contribution only and the total cross section in the RHS of contribution to the SM-like pieces is proportional to cos 2 θ and makes a similar contribution for both parameter points. However, below 2m h the H-resonance amplitude is proportional to sin 2 θ and sensitive to relatively small changes in cos θ. This explains why for M H < 2m h the interference and H-resonance contributions are larger for cos θ = 0.9 than for cos θ = 0.96. For M H > 2m h and using the narrow-width-approximation, the H-resonance amplitude is proportional to sin θ and is still larger for cos θ = 0.9 than for cos θ = 0.96.
Once the resonance production of hh turns on, M H ∼ 2m h , the H-resonance contribution dominates, as seen in the RHS of Fig. 13 . As M H increases, the H-propagator suppresses the H-resonance contribution. However, as M H approaches 2m t , as is well-known in single
Higgs production, the production rate through a top quark triangle increases. For 2m h M H 2m t these two effects cancel each other and the contribution from the H-resonance is relatively constant. As M H increases above ∼ 2m t , the suppression from the H-propagator is the dominant effect. Hence, the fractional contribution from the H-resonance only decreases and the fractional contribution from interference increases. These two effects are correlated because the SM-like contribution by itself is independent of M H . It should be noted that the absolute contribution from the interference is nearly independent of M H for M H 500 GeV.
This can be understood from Eq. 33. Since for increasing M H there is a large contribution to the cross section from the M H ≫ M hh region, the total contribution to the interference is largely independent of M H .
D. NLO Effects
In Fig. 14 , we show the enhancement of the total cross section in the singlet model, relative to the SM rate. For tan β = 5 and cos θ = 0.96, the maximum enhancement is of O(8) for M H 500 GeV and decreases rapidly to O(1) for larger M H . For larger mixing, tan β = 1 and cos θ = 0.9, enhancements of the SM rate up to a factor of ∼ 22 are possible.
We see that σ mt /σ SM is not very different for LO and NLO total rates. The contribution of the H resonance in the narrow width approximation is accurate for M H 400 GeV , but underestimates the enhancement for larger M H .
We now present our numerical results for the double Higgs invariant mass distributions at NLO. Fig. 15 shows the individual contributions (Eq. 25) to the invariant mass distributions using the approximation of Eqs. 25,26. It is important to remember that the full m t dependent NLO rate is not known. We plot the absolute value of the qg contribution, since Also, the ratio of the LO H-resonance only contribution calculated using the Breit-Wigner resonance (solid green) and in the narrow-width approximation (blue dotted) to the LO SM rate.
it is negative. The leading corrections are from the gg and virtual contributions, while the qg andcontributions are subleading.
It is interesting to compare the effect of the approximations to the top mass dependence at NLO. In Fig. 16 , we compare the NLO rate for M H = 300 GeV computed using the approximation of Eqs. 25,26 (dashed red curve) with that obtained by computing K (Eq. 30) and weighting by the exact m t dependent LO cross section (solid black). The curves overlap almost exactly. Since most contributions to the NLO rate (Eq. 25) are proportional to the LO rate, the approximate m t dependence is mostly captured by weighting the exact LO rate with K mt→∞ . The only complication is a piece of the virtual contribution (Eq. 26)
that is not proportional to the LO rate. However, this piece turns out to make a small contribution.
We then compare with an NLO rate computed in the m t → ∞ limit (dotted blue in Fig. 16 ), i.e. this result is not reweighted by the exact m t dependent LO result. The m t → ∞ limit shifts the location of the interference dip to slightly higher M hh . This effect is also apparent in the comparison of the exact m t dependent and m t → ∞ LO curves of On the RHS of Fig. 16 , we can also see that the curve obtained by weighting the exact LO rate by K mt→∞ differs from the curve calculated using Eqs. 25,26 at the interference dip of the m t → ∞ curve. The interference dip is where the LO cross section is a minimum.
Hence, the piece of the virtual contribution (Eqs. 26,31) not proportional the LO cross section makes a relatively large contribution in this region. Since the interference dip is deeper in the m t → ∞ limit (see Fig. 10 ), this effect is more pronounced in the m t → ∞ weighting the exact LO rate by K mt→∞ do not agree at the minimum of the σ mt N LO curve in addition to the minimum of the K mt→∞ σ mt LO curve. This can be understood by noting that as M H increases, the interference dip of the LO cross section is more shallow (see Fig. 7 ).
As a consequence and discussed above, as M H increases the contribution to σ virt that is not proportional to the leading order rate decreases. Hence, the curves computed using Eqs. 25,26 and weighting the exact LO rate with K mt→∞ will be in better agreement with increasing M H . In Fig. 18 we show the ratio of the K mt→∞ and K mt (Eq. 29), which is the same as the ratio of the NLO rates calculated by weighting of the exact LO rate by K mt→∞ and using Eqs. 25,26. As can be seen, as M H increases the two methods increasingly agree.
In Fig. 19 , we show the scale dependence of the invariant mass distribution for a represen- to ∼ ±15%. Additionally, the NLO scale dependence is fairly flat throughout the distribution; in particular, it does not appreciably change in the resonance and strong destructive interference regions.
In Fig. 20 , we show the differential K-factor in the m t → ∞ limit, K mt→∞ , as defined in Eq. 30. The K-factor is flat with a value of 2 − 2.2, except for spikes that occur in the regions with the strongest destructive interference. As shown in Fig. 18 , the K-factor computed using Eq. 29 agrees with K mt→∞ , except in the regions of strong destructive Finally, at √ S = 100 TeV the tails of the distributions are enhanced relative to 13 TeV. This is because for a given invariant mass, the PDFs are evaluated at smaller x at 100 TeV than at 13 TeV. Hence, the enhancement of the gluon parton luminosity causes the tail of the distribution to be longer.
V. CONCLUSIONS
The production of Higgs pairs from gluon fusion is an important probe of the structure of the scalar potential. In the SM, the QCD corrections are known in an approximation where the LO rate is weighted by a K factor computed in the m t → ∞ limit, increasing both the total rate and dσ/dM hh by a factor of around 2.
We have presented results in the Higgs singlet model, where the tri-linear Higgs self coupling is modified from the SM value and significant resonant effects from the second scalar occur. The effects of the interference between the heavy scalar and SM-like contributions can be significant, altering invariant mass distributions for all M H . For M H 450 GeV, the interference effects can make a ∼ 10−20% contribution to the total rate. For M H 2m h , the interference effects can suppress the total cross section up to ∼ 30% for a viable parameter point. Hence, in searches for heavy scalars, these effects should be included.
We compare an approximation for the NLO QCD corrections where the exact m t dependent LO cross section is weighted by a K factor computed in the m t → ∞ limit, and alternatively where the exact m t dependent form factors are inserted into the NLO contributions. The approaches give similar results except in the regions with large destructive interference.
In the singlet model, the total cross section is increased by factors between 5 − 10 above the SM rate for tan β = 0.5 and cos θ = 0.96. For larger mixing (tan β = 1 and cos θ = 0.9), we find enhancements from the SM rate between 10 − 20 for M H < 500 GeV , and the enhancement is very similar at LO and NLO. The resonant approximation to the total cross section underestimates the enhancement by about a factor of 2 at large M H .
The singlet model demonstrates a case where the kinematic distributions of the outgoing SM Higgs pair are significantly altered from the SM, and where the higher order QCD corrections differ from those of the SM near the resonance peak.
